Rainfall-and earthquake-induced failures of slopes formed by volcanic soils occur frequently in Hokkaido, Japan. This study aims at clarifying failure mechanisms of volcanic slopes caused by both rainfall and freeze-thaw action in cold regions such as Hokkaido. Additionally, the mechanical behavior of volcanic slopes pre-deformed due to cyclic loadings such as seismic loadings were examined to elucidate the effect of initial water content on rainfall-induced failure of volcanic slopes. Using model slopes of different shapes constructed with volcanic soils, a series of model tests was conducted under several conditions in which spray nozzles and a shaking table were used to simulate rainfall intensity and cyclic loadings. Test results showed that surface failure of volcanic slopes differed depending strongly on their initial moisture content. Based on the results of model testing, the effects of freezing and thawing and cyclic loadings on mechanisms of rainfall-induced failure were drawn upon to propose an evaluation method for slope stability. The model test results indicated that rainfall-induced failure can be uniquely assessed by changes in water content in zones subjected to freezing and thawing or to shearing deformation due to cyclic loadings.
Introduction
In Hokkaido, Japan, there are over forty Quaternary volcanoes, and pyroclastic materials cover over 40% of the prefectural area. The volcanic soils have been utilized as a useful construction material, especially for man-made earth structures (embankments and cut slopes, etc.). In recent decades, although volcanic soils have been classified as "problematic soils" in Japan engineering research pertaining to these soils have been limited in comparison with cohesion and cohesionless soils (e.g., Miura, Yagi, & Asonuma, 2003 Figure 1 . Mechanism of frost-heaving in cut slope observed for cold regions and failure modes: (a) mechanism of frost-heaving in slope, (b) surface failure of thawing soil with high moisture content over liquid limit (Failure pattern 1), (c) slope failure due to piping by increase of pore water pressure (Failure pattern 2), (d) slope failure of loose layer composed thawing soil due to rainfall (Failure pattern 3)
In the tests, rainfall intensities of 60 mm/hr, 80 mm/hr, and 100 mm/hr were accurately simulated through the use of spray-nozzles. During the rainfall tests, deformation and pore water pressure behavior and variation in saturation degree were monitored. The effects of the geometric condition of slopes and rainfall conditions on failure mechanisms were clarified in detail.
In addition, a series of model tests was carried out to simulate the mechanism of frost heaving and differences of failure mode in cut slopes for cold regions. Figure 1 illustrates the mechanism of frost-heaving, and three kinds of failure mode in cold regions, which are observed in field. Their phenomena were explained as follows: slopes freeze from their surface with the formation of ice lenses during the winter season (see Figure 1 (a)), thereafter, the frozen soil thaws gradually from the ground surface until the summer season. In the freezing and thawing sequence, the surface layer of a slope exhibits high moisture content over the liquid limit of its soil due to the melting of snow and thawing of the ice lenses. As a result, surface failure occurs at the boundary between loose thawing soil and the frozen layer due to water infiltration from both rainfall and snowmelt because the frozen layer works as an impermeable layer (see Figure 1 (b): Failure pattern 1). Another failure due to the piping phenomenon of ground water is also observed in the spring season when pore water pressure increases over the strength of the frozen layer (see Figure 1 (c): Failure pattern 2). The reason for this is that the ground water level increases with the formation of a frozen layer (JGS, Hokkaido Branch, 2010) . In addition, hollows of ice lenses created by thawing generate looser structures in the frozen layer compared with before the freeze-thaw process (see Figure 1 (d): Failure pattern 3). Due to this phenomenon, a deeper slope failure will be induced from summer to autumn seasons.
The model test results (Kawamura et al., 2010a; demonstrate that slope failures of volcanic soils depend strongly on both the angle of the slope and the friction of its impermeable layer; however, slope density was not shown to be a significant factor. It was also shown that the softening of the slope by freeze-thaw action is important for evaluating the stability of volcanic slopes; in particular, its effect is attributed to the reduction of the shearing resistance due to particle breakage and cannot be ignored for the evaluation of slope stability, and that slope failure can be predicted if the depth of frozen area and the water retention capacity in the slope are estimated by monitoring an index property such as water content.
In this study, failure mechanisms of volcanic slopes subjected to rainfall and cyclic loadings such as seismic loadings in cold regions are clarified; in particular, the effect of initial water content of volcanic soils on failure mechanisms is discussed. In addition, a prediction method for surface failure proposed by Kawamura and Miura (2013) is further expanded. Figure 2 illustrates the test scheme in this study. As shown in the figure, firstly, the surface failure mechanism of volcanic slopes due to rainfall was investigated to reveal the effects of the differences of initial water content on mechanical behavior and slope failure. Secondly, a series of model tests was conducted on volcanic slopes subjected to freeze-thaw actions. In particular, the effects of freezing and thawing on mechanical behavior and slope failure were examined. Finally, the mechanical behavior of volcanic slopes subjected to rainfall after cyclic loadings was clarified in order to examine the fundamentals of earthquake-and rainfall-resistant performance of slopes such as embankments. Consequently, a prediction method on surface failure is extended based on the changes in water content for several volcanic soils under various conditions. 
Test Materials and Test Procedures

Test Materials
Volcanic coarse-grained soils used in this study were sampled from the ejecta of Shikotsu and Mashu calderas in Hokkaido and from near the site of the Nakayama Mountain Pass slope failure of 2013. Sampling sites are shown in Figure 3 . These samples are hereafter referred to as Kashiwabara (Spfa-1), Komaoka (Spfl), and Touhoro (Ma-l) volcanic soils, and Nakayama volcanic soil respectively. It is estimated that the eruption age for the Kashiwabara and Komaoka volcanic soils belonging to Shikotsu primary tephra (Spfa-1, Spfl) was 31,000~34,000 years ago. Pyroclastic fall deposits which belong to the Mashu volcanic product were formed 11,000~13,000 years ago. On the other hand, Nakayama volcanic soil consists mainly of talus deposits of lapilli tuff generated by volcano activities during the Neogene Period around the Jozankei area in Sapporo, and is utilized in the embankment as the in-situ soil material. The index properties and grain size distributions of the samples are shown in Table 1 and Figure 4 , and are compared to the characteristics of Toyoura sand. As shown in Table 1 and Figure 4 , their finer contents range from 1.3% to 26.0%. In particular, the low value of dry density for Kashiwabara and Touhoro volcanic soils are also shown in the samples because their constituent particles are very porous and extremely vulnerable to crushing. On the other hand, the index property of Komaoka volcanic soil differs from that of Kashiwabara volcanic soil due to the difference in deposits (flow-deposits; Spfl and fall-deposits; Spfa-1) although they are in the same Shikotsu ejecta. Details of the mechanical behavior of these volcanic soils have been described by Miura, Yagi and Asonuma (2003) , Yagi and Miura (2004) and JGS, Hokkaido Branch (2011). 
Test Procedures
It is impossible to accurately reproduce mechanical behavior in a slope due to errors (e.g., the scale effect, the soil particle effect, and the confining pressure effect, etc.) in similitude scale, especially in the 1g field. However, it is an established fact that physical modeling in model testing can increase our understanding. In testing this model, it has been assumed that the strength of soil varies proportionally by the normalization of the effective confining pressure in the slope. Specifically, a conventional approach to element testing is taken in terms of the 1 g model testing (see Figure 5 ). Based on this technique, the mechanical behavior in the elements of the slope for the 1g model corresponds with those for the real field, if rainfall intensity and seepage speed in the model are consistent with those in the prototype. Owing to this, rainfall intensity which was thought to be present in the real field was directly applied to the slope surface, and volcanic coarse-grained soils were adopted as test materials. As a result, the similarity of time dependency regarding the development of pore water pressure and the consolidation phenomenon may not be required theoretically. Additionally, note that the pore water pressure value obtained from the model test can be similarly evaluated as a true value. Consequently, reproduction by model testing is theoretically enabled, although the assumption that a model and a natural physical phenomenon occur in the same mechanism is required (Kawamura, Miura, & Yokohama, 2010b; . The correlation between model and prototype in this study is summarized in Table 2 . Journal of Geography and Geology Vol. 6, No. 3; Table 4 illustrates the test conditions in this study. The following were the specific goals of the investigation:
(1) To clarify the differences in the behavior on the initial water content for each volcanic soil with freeze-thaw action or without (Case 1~Case 6, Case 8).
(2) To reveal the effect of the difference of initial water content on mechanical behavior of volcanic slopes during cyclic loadings or rainfall after cyclic loadings (Case 7). Figure 6 (a) and (b) depicts a complete view of the apparatus used in the rainfall test and in the shaking table test. The soil container was 2,000 mm long, 700 mm deep, and 600 mm wide, and its front wall was made of
Journal of Geography and Geology Vol. 6, No. 3; 2014 39 reinforced glass to enable observation of deformation when failure occurred. In order to reveal the mechanical behavior of volcanic slopes subjected to pre-deformation due to cyclic loadings, a shaking table was also equipped in the soil container. The shaking table was 400 mm long, 450 mm deep, and 580 mm wide; its specifications are depicted in Table 5 . Model slopes were constructed by compacting to attain the desired value (see Table 4 , variations in dry density are within 5%, respectively) where constituent particles were not broken by compaction under the initial water contents. The desired initial water content of the model slope w 0 is shown in Table 4 . In particular, four kinds of water content w 0 =34%, 37%, 38%, and 43% were adopted for the Komaoka volcanic soil to evaluate the difference in water content between the drier and wetter sides as the boundary of the optimum water content on slope failure. Figure 7 depicts compaction curves of the Komaoka volcanic soil which were obtained by the A-c method of JGS (2009) and by a tamping method for model tests. The weights of rollers used for compaction and the number of compactions are summarized in Table 6 . In general, it is presumed that the compacted density varies with the change in water content if the same compaction energy is adopted. However, a change in density was not observed in this study. The reason for this is that the range between maximum and minimum densities is small for volcanic coarse grained soils. Vol. 6, No. 3; For all model testing, the difference in failure mechanism due to around 5% of variation in the initial degree of saturation for each position was not observed (Kawamura et al., 2010a) . As a result, the variation in initial saturation was set within 5%. Thereafter, the slope surface was carefully cut to the angles of 45, 55 and 65 deg.
(relative to horizontal) using a straight edge to eliminate surface disturbance. In order to appropriately simulate freezing and thawing actions, model slopes were constructed for Kashiawabara, Touhoro and Komaoka volcanic soils. The surface of the slopes was frozen with dry ice over eight hours and was then thawed at 20 o C (over a basic thawing period of eight hours). This is why the frost-heaving phenomenon was not sufficiently reproduced. The freeze-thaw phenomenon of the slope surface was intended in this study. According to this procedure, frozen layers of 25 ~ 80 mm in thickness were formed for Touhoro, Komaoka and Kashiwabara model slopes.
Rainfall intensity of 60, 80, or 100 mm/hr. was typically adopted and was accurately simulated using spray-nozzles. Figure 8 (a) and (b) shows typical slope shapes (65 and 45 deg. slopes) and the setting positions of measurement devices for rainfall testing and for both rainfall and cyclic loading testing (45 deg. slope), respectively. For 55 deg. slopes in rainfall tests, the measurements devices were basically set at the same positions as those of 45 and 65 deg. slopes (the depth from the slope surface and the elevation). For example, according to this model testing, the depths of measurement devices in the real field can be converted by multiplying those in the model by  times for rainfall model tests, as shown in Table 2 . For the cases of volcanic model slopes using a shaking table, after the desired shearing deformations (shear strain, =1%, 2%, 3%, 4%, and 6%) for model slopes of w 0 =37% generated by cyclic loading of 200 gal, 280 gal, or 550 gal, a series of rainfall model tests was conducted. The same input-accelerations as those for w 0 =37% were adopted as cyclic loads for model slopes of w 0 =43%. The number of cycles was 20 times for all tests.
saturation degree and temperature were monitored using digital video cameras, soil moisture meters and thermocouple sensors, respectively. Additionally, the deformation behavior was estimated according to particle image velocimetry (PIV) analysis (White, Take, & Bolton, 2003) . Soil moisture meters were calibrated on several density conditions of slopes. However, variations in soil moistures attributed to dilatancy induced by deformation of slopes during model tests were not evaluated in the subsequent discussion due to the difficulty in defining their behavior.
Pore water pressure was monitored simultaneously. In a series of model tests, negative pore water pressure due to suction exhibited small values. On account of this, the influence of the dissipation of suction on slope instability was ignored (Kawamura et al., 2010a) . This fact has also been confirmed by triaxial compression tests which revealed the effect of the decrease in suction on the shear strength of volcanic soils (Ishikawa, Miura, & Ito, 2010) . In the subsequent examination, pore water pressure normalized by over burden pressure was used as a parameter due to the conventional 1g model testing approach.
In previous studies, the relative relations between saturation degree, pore water pressure, and deformation prior to failure were also demonstrated on the basis of the preliminary test data on Toyoura sand and volcanic slopes (Kawamura et al., 2010a; . As a result, slope failure characterized by large deformation developed rapidly after a shear strain of 4-6%. A similar tendency was obtained for the other volcanic soils. For these reasons, mechanical behavior at a shear strain of 4-6% by PIV analysis was regarded as that of the plastic equilibrium state, specifically that at failure. On the other hand, because it was difficult to estimate shear strain in a shaking table through PIV analysis, mechanical behavior at a shear strain of 6%, as estimated by the deformations of seven strings of a kite, was defined as failure for the case of model tests carried out with the shaking table. According to the test procedure, the rainfall model testing was performed until slope failure was induced.
Test Results and Discussions
Before commencing discussion on the failure patterns of volcanic slopes subjected to freeze-thaw actions and cyclic loadings, the dependency of initial water content on failure caused by rainfall, which was investigated in earlier studies , will be expanded upon to include several types of volcanic slopes.
Slope Failure Due to Rainfall
Photograph 1 and 2 illustrates typical states of failed shapes for Kashiwabara and Touhoro volcanic soils, where the initial water contents are w 0 =70% and 40% for Kashiwabara volcanic soil (65 deg. slope), and w 0 =80% and 45% for Touhoro volcanic soils (55 deg. slope), respectively (see Case 1 and Case 3). As shown in these photographs, the shapes of failed slopes are different for each type of volcanic slope. In particular, the slopes with lower water content fail at a shallower depth than those with higher water content.
Changes in saturation degree normalized by the initial value S r0 for Touhoro and Kashiwabara volcanic slopes (65 deg. slope) are shown in Figure 9 (a) and (b). In these figures, the data of sm1 which is placed around the slip line is typically depicted. As shown in the figures, the changes in elapsed time and in magnitude of saturation degree attributed to the difference in w 0 are recognized for each soil. For example, each value of elapsed time is at 180 sec. for 20%, at 760 sec. for 40%, and at 860 sec. for 70% in Kashiwabara volcanic soil. In the case of lower water content, seepage water due to rainfall can be retained in voids in the slope because its velocity becomes slower. As a result, surface slope failure rapidly occurs due to the increase of self-weight around shallower areas in Kashiwabara volcanic slopes (Kawamura et al., 2010a) . Ishikawa, Miura and Tokoro (2009) have revealed the unsaturated mechanical behavior of Kashiwabara volcanic soil using element test devices. According to their research, the permeability of volcanic soil decreased when the saturation degree was less than around 60%.
On the other hand, the changes in elapsed time and in the magnitude of saturation degree for Touhoro volcanic soil are different from those of Kashiwabara volcanic soil (see Figure 9 (a)). The reason for this is that Touhoro volcanic soil has a high ability to retain water due to the soil particles being more porous and crushable compared to Kashiwabara volcanic soil (Nakata & Miura, 2006) . This indicates that the depth of the slip line and failure modes change depending on the increase of water retention capacity with seepage for such volcanic soils. ' in the cases of w 0 =45% and 65% for the Touhoro volcanic slope (65 deg. slope, see Figure 10 (a) and (b)), the pore water pressure around the slip line gradually increased until failure; however, its behavior is not sensitive compared with that of the degree of saturation (see Figure 9 (a)). For this reason, it is important to monitor changes in water content to predict slope failure. A similar tendency was obtained in previous research . The failure phenomenon was similarly observed in the behavior of full-scale embankments constructed by the same soil material, and was also illustrated using three-dimensional analysis taking distributions and changes of water contents into account Fukutsu, Kawamura, & Miura, 2014) . Vol. 6, No. 3; Photograph 3 and Figure 11 illustrates typical failed shapes and distributions of shear strain at slope failure for Komaoka volcanic soils (see Case 6). For the cases of lower water contents of w 0 =34% and 38%, it is found that the first failure (Slip line 1) is generated at the toe of slopes, and then the second failure (Slip line 2, circular failure) is rapidly induced with an increase of pore water pressure. On the other hand, slope failure with circular slip is not confirmed for the case of high water content of w 0 =43%. Surface flow with gully erosion proceeded until the Slip line indicated in Photograph 3 (c) for the case of high water content, and the elapsed time was 9,000 sec. (see Photograph 3 (d)) when the model test was continued until the same depth as the slip line 2 for w 0 =34% and 38% (see Figure 11 (a) and (b)). As shown in Figure 7 , it is clarified that the optimum water content is 40.5% in compaction curves. The difference in failure mode is also obvious from the changes in the development of saturation degree and in excess pore water pressure (see Figure 12 (a) and (b), Figure 13 (a) and (b)). For instance, pore water pressure for w 0 =38% is suddenly developed compared with that for w 0 =43%. Owing to the difference in the initial water content, slope failure with circular slip line is induced for w 0 =34% and 38%, and surface flow is generated for the case of w 0 =43% because the permeability generally decreases for higher water content over the optimum water content. Similarly, surface failure of Nakayama volcanic slopes due to an increase of pore water pressure and saturation degree was also observed despite a difference in rainfall intensity (see Case 5), as shown in failed shapes (Photograph 4) and the developments of pore water pressure and saturation degree (see Figure 14) .
Initial slope Failed slope
Photograph 4. Typical failed shape of Nakayama volcanic slope under R=60 mm/hr Figure 14 . Changes in pore water pressure and the degree of saturation for Nakayama volcanic soil: (a) pore water pressure, (b) degree of saturation
As mentioned above, the difference in development of the degree of saturation due to an increase of pore water pressure and seepage force is one of the causes of slope failure. More specifically, slope failures appear to be induced by the expansion of areas with high water retention. Presented herein is a prediction method for slope failure of such volcanic slopes which takes into account water retention characteristics. Based on the results of all test data, the relationships between water content at the initial w 0 and at the failure w f are shown in Figure 15 . In www.ccsenet.org/jgg
Journal of Geography and Geology Vol. 6, No. 3; this figure, test data for freeze-thaw actions and cyclic loadings, which will be described in subsequent discussion, are also depicted (see Case 2 and Case 4, Case 7 and Case 8). The water retention capacity was calculated as water content. This figure demonstrates that there are unique relationships between both water contents when large deformation is induced in slopes. In particular, note that the ratio of the increase of water content becomes a constant with the increase of initial water content. For instance, the following expression can be obtained;
where  and are coefficients (these values are shown in Table 7 ). As shown in the table, it is interesting that there is no difference in  among these volcanic soils and that the  of the Kashiwabara and Komaoka volcanic soils, which were sampled from the same volcano ejecta, demonstrated the same value. This may indicate that the features of seepage and water retention capacity depend on the ejecta of particular volcanos and can be evaluated uniquely. The test data for Nakayama volcanic soil is also on the line near the sites of Komaoka and Kashiwabara areas. Additionally, it has been clarified that water content at failure indicates the liquid limit of the other slope covered by silty soils (Kaiya, Kawamura, & Miura, 2013) . The validity of the proposed method was also confirmed on the behavior of full scale embankments formed by Komaoka volcanic soils . Therefore, the proposed method will be available in practice. Figure 15 . Relationship between water content at initial and at failure for each volcanic soil For example, slope stability can be evaluated in practice according to the following procedure, based on Figure  15 and Equation (1).
(1) Estimate the line of water content, w f which may cause slope failure.
(2) Investigate the initial water content at the setting positions of measurement instruments such as soil moisture meters.
(3) Monitor the change in water content due to the increase of rainfall or snowmelt water.
(4) If the monitoring data of water content reaches the predicted line shown in Equation (1), the destabilization (failure) of the slope will be predicted.
(5) Finally, evaluate slope stability by taking the geometric conditions of slopes into account.
In this way, it is possible to evaluate slope stability if such a relation can be obtained for an in-situ slope, and slope failure can be predicted if the water retention capacity in a slope is estimated by monitoring an index property such as water content.
Rainfall-induced Failures of Volcanic Slopes Subjected to Freezing and Thawing
On the basis of the above test results, a series of rainfall model tests with freeze-thaw action were carried out. For the model test on model slopes subjected to freeze-thaw action, the surface of the slope was frozen with dry ice over a period of eight hours, and was thawed at a temperature of 20 o C over eight hours after the model slope was constructed; thereafter, a rainfall test was performed until failure. Typical changes in temperature (T1-T9) in model slopes during freeze-thaw action for each material are depicted in Figure 16 ) shows the changes in the normalized degree of saturation during rainfall tests after freeze-thaw action for Kashiwabara volcanic soil, compared to that without freeze-thaw action (see Case 3 and Case 4). It can be seen that Sr 0 at sm6 indicates a high value (see Figure 17 (b) ). The reason for this was that sm6 was set to 15 mm from the bottom and its area became highly saturated due to the effect of seepage water. Each degree of saturation gradually increases, and then suddenly decreases after failure (see the black symbol). It is also noted that there is a difference in elapsed time before failure between both cases. For example, the elapsed time subjected to freeze-thaw action (105 sec.) is around 9 times faster than that without (876 sec.). The typical changes in degree of saturation for Komaoka and Touhoro volcanic soils are shown in Figure 18 (Case 2 and Case 8). In comparison with the no freeze-thaw action for Komaoka volcanic soil (see Figure 12 (b) and Figure18 (a)), it was found that there is no difference in the development of saturation between both cases, but the difference in elapsed time until failure is apparently confirmed. For example, the elapsed time subjected to freeze-thaw action is 765 sec. which is around 3.5 times faster than that without (2,690 sec.). A similar tendency was obtained from the data for Touhoro volcanic soil (see Figure 9 (a) and Figure 18 (b) ). Ishikawa, Miura and Tokoro (2009) have also revealed the effect of freeze-thaw action on hydraulic behavior of Kashiwabara volcanic soil subjected to freeze-thaw action using element test devices. Their results clarified that the coefficient of permeability of freeze-thawed specimens decreased in comparison with that of non freeze-thawed specimens under the same degree of saturation. This appears to be because of the realignment of constituent particles of volcanic soil caused by freezing and thawing. Therefore, this fact appears to explain the above results well.
Figure18. Changes in saturation degree for freeze-thaw action: (a) Komaoka volcanic slope (w 0 =43%), (b) Touhoro volcanic slope (w 0 =45%)
In order to clarify the influence of freeze-thaw action on the deformation behavior of model slopes, Figures 19 , 20, 21 and 22 illustrate the deformation behavior (the distributions of shear strain) with freeze-thaw action for Kashiwabara, Touhoro, and Komaoka volcanic soils, respectively. In Figure 19 , deformation vectors are also indicated for Kashiwabara volcanic soil. As Figures 19 and 20 demonstrate, the shear strain increases with freezing and becomes a constant value during thawing and its zone is almost the same as the depth of slip line. The typical deformation vectors are approximately perpendicular to the surface during freezing action, and its direction changes due to gravity during thawing action. The variation in density can also be confirmed, as shown in the inserted photograph in Figure 19 . For comparison of those for non freeze-thaw action (see Figure 21 (a) and (b), Figure 11 (b), (c) and Figure 22 (a), (b)) for Touhoro and Komaoka volcanic slopes, it is apparent that there is a difference in the shape at the final slip line between both cases. For example, the depth of the slip line with freeze-thaw action is shallower than that without freeze-thaw action. This fact indicates that hollows caused by thawing generate loose structures in the frozen layer compared with before the freeze-thaw process (as shown in Figure 1 (d) ). The differences in deformation behavior due to the change in the initial water content were also not recognized for the other volcanic slopes subjected to freezing and thawing. A similar tendency was also observed in field monitoring data on a cut slope in Hokkaido, Japan (Kawamura & Miura, 2011) . Figure 23 . This figure demonstrates that the depth is almost the same for each case. From these results, it can be said that such volcanic slopes subjected to freezing and thawing actions have already been in the plastic equilibrium state. Therefore, the influence of freeze-thaw action on surface failure of volcanic slopes can be evaluated accurately if the depth of frozen areas for in-situ slopes can be estimated by field monitoring devices.
As previously discussed, the influence on failure mechanisms was characterized by natural events such as rainfall, freezing, and thawing. Similarly, the effects of material characteristics of soils were investigated, for instance, the particle breakages of volcanic soils during model testing. Figure 24 illustrates the increment of finer content before and after tests Fc (%), for each type of volcanic soil. Fc increases with the increase of initial water content. It is interesting that particle breakage increases with stress histories such as rainfall and freeze-thaw action. This implies that failures of unsaturated volcanic slopes with crushable particles are derived not only by loose structures due to freeze-thaw actions, but also the reduction of shearing resistance due to particle breakage during rainfall and freeze-thaw action. The reduction of shearing resistance due to particle breakage was described by Miura, Yagi and Kawamura (1996) and Yagi and Miura (2004) . Accurate estimation of the softening of slope surfaces by freeze-thaw action is important for the stability of volcanic slopes; in particular, its influence is attributed to the reduction of shearing resistance due to particle breakage. Figure 24 . Changes in the increment of finer contentFc after rainfall test
Rainfall-induced Failures of Volcanic Slopes Subjected to Cyclic Loadings
In order to identify mechanical behavior during rainfall for volcanic slopes subjected to cyclic loadings, a series of model tests using a shaking table was conducted for Komaoka volcanic slopes (see Case 7). Firstly, fundamentals of mechanical behavior of volcanic slopes during cyclic loadings were investigated under two kinds of initial water content. In preliminary tests, slope failure was induced by cyclic loadings of 550 gal for each water content.
Photograph 5 (a) and (b) shows typical slope shape after cyclic loadings of 280 gal for each water content. Shear strain induced for w 0 =37% and 43% was =2.8% and 1.6%, and vertical strain  v (ratio of settlement of crown/the initial height) was 1% and 0.4%, respectively. Figure 25 (a) and (b) illustrates variation of acceleration at basement and crown, compared with that of the shaking table. As shown in Figure 25 , the maximum acceleration at the crown of the slope (A point) for both cases is larger than those at other points (B and C points), and its tendency is significant for w 0 =43%. pressure  v0 ' under the same conditions. It is obvious that pore water pressure varies regularly with cyclic loadings for w 0 =37%. On the other hand, the ratio for w 0 =43% is over u/ v0 '=1, which indicates initial liquefaction. However, slope failure did not occur during cyclic loadings. This implies that a volcanic slope with w 0 =43% appears to have cyclic mobility as has been observed in dense sand. It is interesting that a similar tendency with dense sand is observed for Komaoka volcanic slopes comprised of fine particles. Finally, rainfall-induced failure of volcanic slopes was investigated for both water contents. As aforementioned, the rainfall model tests were conducted after cyclic loadings. Figure 27 (a) and (b) shows the behavior of pore water pressure normalized by the initial effective overburden pressure, and the changes in degree of saturation, respectively. In the cases of the model tests, a shear strain of =2.8% was generated for the model slope for w 0 =37% with a prior cyclic loading of 280 gal. In this case, pore water pressure and the degree of saturation at basement (pw2 and sm2) gradually increase with elapsed time. Owing to these developments of pore water pressure and saturation degree, the first slope failure (failure 1) is induced at the toe of slope, and then the second slope failure (failure 2) is generated by the developments of pore water pressure and saturation degree at the crown (pw1 and sm1). Thereafter, the model test was continued until it reached the same depth as the slip line at 38% (final failure). Photograph 6 illustrates the schematics of slope shapes during model tests. It is evident that the failure pattern is almost the same as that without cyclic loading (rainfall only, see Photograph 3 (b), Figure  12 (a) and Figure 13 (a) ).
Similarly, the data on both pore water pressure and the degree of saturation for w 0 = 43% are exhibited in Figure  28 (a) and (b). A shear strain of =1.6% was caused by cyclic loading of 280 gal for the model slope of w 0 =43% in advance. Rainfall-induced failure does not occur for this case although pore water pressure exhibits a high value, as shown in Figure 28 (a). This is due to the increases of both slope density and saturation degree derived by cyclic loadings. Actually, in comparison with the initial state, the degree of compaction D c increased up to 23%, and the degree of saturation increased to 1% after cyclic loadings (see Figure 28 (b) ). A similar tendency was confirmed for model slopes having =1.6%-4% for w 0 =43%. In contrast, slope failure occurred for model slopes having less than =1.6%. Photograph 6. Schematics of failed slope shape for w 0 =37% Figure 29 . Changes in saturation degree after cyclic loadings for w 0 =43% Figure 29 summarizes the relationship between the elapsed time at final failure for each case normalized by that of rainfall-induced failure of slopes for w 0 =37% and shear strain induced by cyclic loadings. It is apparent that the elapsed time at failure decreases with an increase of shear strain for the case of w 0 =37%, and that the time slightly increases until =1% and decreases for more than =4% for the case of w 0 =43%. Specifically, there is no failure zone in the range of 1.6% to 4% for the case of w 0 =43%. Slope failure seems to differ depending on the stress-strain history due to cyclic loadings.
Figure 15 also shows the relationship between water content at failure and initial water content for all data (including test data of freeze-thaw action cases and cyclic loading tests). It is conspicuous that there are unique relationships between both water contents as well as those without freeze-thaw action although water content at failure decreases for freeze-thaw action. This indicates that void structures of constituent particles are loose structures due to freezing and thawing. In addition, water content at rainfall-induced failure after cyclic loadings seems to be on the line for freeze-thaw action when shear strain is larger for Komaoka volcanic slopes having w 0 =37%, and to be on the line of no freeze-thaw action when shear strain is relatively smaller for w 0 =43%. A possible reason for this is the changes in fabric structures induced by cyclic loadings, and similarly for those with freeze-thaw action. As a result, it can also be said that slope failure can be predicted if the water retention capacity in a slope is estimated for a volcanic slope subjected to rainfall and cyclic loadings in cold regions, as shown in Equation (1).
Considering the model tests presented above, the failure mechanisms of volcanic slopes in cold regions were clarified and an evaluation method was investigated. However, the above results may change with variations in soil materials and inherent errors such as scale effect. In any case, further investigations in this direction are required.
Conclusions
On the basis of the limited amount of model testing conducted in this study, the following conclusions were derived.
(1) Surface slope failure changes depending strongly on the initial water content.
(2) The softening of the slope by freeze-thaw action is important for evaluating the stability of volcanic slopes; in particular, its effect is attributed to the reduction of the shearing resistance due to particle breakage, and cannot be ignored for the evaluation of slope stability.
(3) A slope subjected to freezing and thawing deforms perpendicularly and in an upward direction on its surface for freezing, and its direction changes to a gravitational course for thawing. In this case, it has already been in the plastic equilibrium state.
(4) The effect of stress-strain history due to cyclic loadings on the failure mechanisms of volcanic slopes is significant for the evaluation of slope stability.
(5) Rainfall-induced failure can be uniquely assessed by the changes in water content in zones subjected to freezing and thawing, or to shearing deformation due to cyclic loadings.
